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Abstract Quantum cascade lasers (QCLs) have attracted
considerable interest as an alternative tuneable narrow band-
width light source in the mid-infrared spectral range for
chemical sensing. Pulsed QCL spectrometers are often used
with short laser pulses and a bias current ramp similar to
diode laser spectroscopy. Artefacts in the recorded spectra
such as disturbed line shapes or underestimated absorption
coefficients have been reported. A detailed time-resolved
high-bandwidth analysis of individual pulses during a laser
sweep has been performed. Quantitative results for CH4 ab-
sorption features around 1347 cm−1 (7.42 µm) fell short of
the expected values for reasonable operating conditions of
the QCL. The origin of the artefacts using short pulses was
identified to be partly of the same nature as in the case of
long laser pulses. A complex combination with the tuning
principle was found, leading to an apparently increased in-
strumental broadening (effective line width) and underesti-
mated concentrations at low-pressure conditions.
1 Introduction
Chemical sensors based on the absorption of light are a pow-
erful diagnostic tool for quantifying gaseous species concen-
trations. The mid-infrared (MIR) spectral range (3–20 µm)
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with strong ro-vibrational absorption features is therefore
preferably used for trace gas sensing, plasma diagnostics in
research and industrial environments or medical diagnostics.
Semiconductor laser sources which can provide the required
continuous tuneability and low instrumental broadening to
achieve a high selectivity have been limited to tuneable
diode lasers (TDLs) based on lead salts for years. In particu-
lar, the advent of quantum cascade lasers (QCLs) [1, 2] and
their commercial availability have increased the number and
variety of MIR spectroscopic laser applications. While the
first laser devices could be used at room temperature only in
pulsed mode at low duty cycles, room temperature continu-
ous wave (cw) lasers have recently been available due to an
improved thermal management. QCLs are now considered
as a valuable alternative light source for the MIR spectral
region and as a substitute to TDLs [3].
Thus, early experiments with pulsed QCLs straightfor-
wardly combined short laser pulses with the conventional
method for sweeping lead salt lasers in TDL absorption
spectroscopy (TDLAS) by ramping a DC current [4–6]. This
short-pulse mode of operation is often referred to as inter
pulse method. Extensions originally developed for TDLAS,
e.g., the sweep integration method [7, 8], were adapted to
pulsed QCL spectrometers [9] and enable a time-resolution
of milliseconds. Employing this method is not only of in-
terest for on-line trace gas measurements, on which most
of the experiments carried out so far were focussing [5, 6,
9–17], but also for monitoring species in plasma diagnos-
tics [18–20]. Later, the inherent frequency-down chirp of the
lasers was exploited by using long pulses to acquire absorp-
tion spectra during the pulse [21, 22].
Although the successful implementation of QCL absorp-
tion spectroscopy (QCLAS) was very often reported, obsta-
cles in the spectra along with pulsed QCLs have been recog-
nised. Apart from pulse-to-pulse fluctuations inherent to the
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pulsed operation, spectral line broadening was identified as
a main challenge while using the inter pulse mode for highly
sensitive detection schemes [10]. Effective laser line widths
(full width at half maximum—FWHM) between 0.0095
cm−1(290 MHz) and 0.093 cm−1 (2.79 GHz) have been re-
ported. According to McCulloch et al. the spectral resolution
of QCL spectrometers is determined both by the chirp rate
and the pulse width of the lasers [23]. Particularly, short-
pulse spectrometers may approach the Fourier limit (con-
stant bandwidth-time product) for extremely short pulses
(5 ns, 290 MHz [5]). On the other hand, increased pulse
widths lead to a chirp-limited resolution (70 ns, 2.79 GHz
[6]). Furthermore, asymmetric line shapes of absorption fea-
tures have been detected in several studies employing both
the short-pulse [9, 11, 24] and the long-pulse mode [25].
Additionally, the latter method suffers from non-linear ab-
sorption effects [26]. The majority of these issues are not
known from conventional TDLAS and degrade the perfor-
mance of QCL spectrometers. This is particularly of impor-
tance at lower pressures, since under such conditions the
laser line width of pulsed QCLs was found to exceed the
typical Doppler broadening [27] due to the frequency chirp.
Non-linear effects (e.g., fast passage) appeared also more
pronounced [26].
A few studies have been concerned with these drawbacks,
however, a consistent explanation is absent so far, although
all obstacles seem to be connected with the chirped laser.
While a theoretical description for the non-linear absorp-
tion phenomena based on optical Bloch equations exists [25,
26, 28], the origin of distorted line shapes in the short-pulse
mode is not yet completely understood [9]. The problem is
often empirically minimised by finding a compromise be-
tween a reasonable signal-to-noise ratio (SNR) and a nar-
row spectral width [12]. The sensitivity of spectrometers or
quantitative results are typically verified by calibrating an
effective laser line width. Another approach abstracts cor-
rection factors by comparing measurements and simulated
spectra [e.g., 6, 9, 13]. Only in a few studies the results were
validated with independent counter-measurements by means
of TDLs [9, 11] or cw QCLs [12, 29]. Recently, an inter-
comparison between the short- and long-pulse method has
been in the centre of interest [14]. Unfortunately, this study
was limited to pressure ranges (hundreds of mbar) where
the artefacts diminish or disappear. Finally, the asymmetri-
cal line shapes have recently been recognised as an effect of
the detector bandwidth which smoothes out particularly the
rapid passage features [24].
A more detailed analysis of particularly laser line width
effects in the inter pulse mode was carried out by Nelson et
al. [9]. However, extracting accurate laser line widths from
their experimental spectra was difficult, because a strong
asymmetry of absorption lines was found. This effect was
amplified by applying higher operating voltages, although
the simultaneously recorded electrical pulse shapes showed
no significant difference. Consequently, Nelson et al. con-
cluded that a QCL should be operated close to its threshold
with short pulses close to the uncertainty broadening limit
with rise times faster than 8 ns achieved with the original
Alpes Lasers operation unit. The investigation of asymmet-
rically broadened absorption lines was continued by Mc-
Manus et al. since such absorption features revealed another
phenomenon: the peak absorption signal decreased as the
distortion became more pronounced [12]. In these exper-
iments the operating voltage was varied at constant pulse
width. McManus et al. suggested the product of peak ab-
sorbance and detector signal as a figure of merit for deter-
mining the optimum operating conditions. Since the latter
factor increases with higher QCL voltages this product lev-
els off which was chosen as the operation point.
Nevertheless, several questions remained unclear from
these studies. Firstly, although Nelson et al. worked at low
pressure (4 Torr) no rapid passage signatures were found.
Secondly, the asymmetric absorption lines in the inter pulse
spectra exhibited both a high-frequency tail [9, 11] and
a low-frequency tail [12]. If just a single frequency-down
chirped QCL pulse is considered, the rapid passage struc-
tures are always observed after the absorption feature, i.e.
at the lower frequencies. On the other hand, in the inter
pulse mode of operation the current is usually ramped in
such a way that the QCL frequency increases with time (cf.
Sect. 2.1). A straightforward convolution of a molecular ab-
sorption line which is scanned from lower to higher frequen-
cies with rapid passage oscillations which appear later in
time would lead to the conclusion that a high-frequency tail
can be expected. A potential pulse-to-pulse frequency jitter
or not yet identified properties of the individual pulse were
proposed [9].
The present study employing the inter pulse method un-
der low-pressure conditions focussed on a detailed analysis
of each short chirped pulse. Section 2 describes the experi-
mental approach encompassing the time-resolved detection
of individual chirped pulses during a laser sweep. The analy-
sis of the results (Sect. 3) reveals a complex combination of
the sweep approach in the short-pulse mode with those ob-
stacles known from the long-pulse method. This may also
serve as an explanation for the lower-frequency shape of ab-
sorption lines and is summarised in Sect. 4.
2 Experimental
2.1 Experimental arrangement
All experiments were carried out in a two-laser configu-
ration (Fig. 1) encompassing two co-aligned TDLAS and
QCLAS arrangements. Details of the tuneable diode laser
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Fig. 1 Two laser arrangement consisting of co-aligned TDL and
QCL spectrometers. Flip mirrors (dashed) are used to switch
between the systems. Double lines represent electric connex-
ions, single lines the optical beam path which is additionally
indicated by arrows. (DAC—data acquisition card, TE/LN De-
tect.—thermoelectrically/liquid nitrogen cooled detector)
Table 1 CH4 line positions covered by the two laser arrangement and
respective line strengths [33]
# Line position Line strength
[cm−1] [cm/molecule]
1346.5755 2.306 × 10−20
1346.7396 3.460 × 10−20
1347.0543 5.775 × 10−20
I 1347.8016 3.381 × 10−22
II 1347.9214 3.466 × 10−20
III 1348.0416 3.470 × 10−20
IV 1348.1525 1.642 × 10−22
InfraRed Multi-component Acquisition system (IRMA) can
be found elsewhere [30]. Since the lead salt laser could not
be tuned to cover exactly the same CH4 lines as the QCL
similar strong CH4 features around 1346.5 cm−1 were cho-
sen for quantitative comparisons and are summarised in Ta-
ble 1. Strictly speaking, the present study concerned pure
CH4 samples which did not necessarily have to be confirmed
by TDLAS. However, in follow-up experiments, which will
be considered in another publication [31, 32], CH4 admix-
tures in a background gas were used and thus quantified by
the IRMA system.
The distributed feedback QCL (Alpes Lasers) was op-
erated in a temperature stabilised housing and driven with
a commercial QCL measurement and control system (Q-
MACS, neoplas control). The laser was triggered using a
computer controlled data acquisition card (DAC). The fre-
Fig. 2 Schematic diagram of the inter pulse mode: Spectral tuning
is accomplished by impressing a sub-threshold current ramp with a
negative gradient on the pulsed QCL. The negative temperature tun-
ing coefficient of the laser yields an increase in its emission frequency.
The laser intensity decreases simultaneously. Each QCL pulse corre-
sponds to a data point in an absorption spectrum (lower panel). Two
laser pulses are marked with a dashed box and are enlarged in Fig. 3
quency scan of the QCL in the short-pulse mode is achieved
by a current ramp (Fig. 2) which was generated from an
externally supplied voltage ramp provided by the software
package TDL Wintel in combination with the DAC. The pro-
gram sweeps the laser, acquires the absorption spectra and
analyses them simultaneously [9]. In order to achieve an in-
crease in the laser frequency with time the sub-threshold
tuning current is commonly decreased during the ramp
(Fig. 2). This follows from the negative temperature tun-
ing coefficient of QCLs. Simultaneously the emitted laser
intensity increases with time (Fig. 2). A short gate-off pe-
riod at the end of each sweep suppresses the laser emis-
sion for measuring the detector offset voltage. The details
of the presently used data acquisition and laser synchroni-
sation principle for the inter pulse mode are essentially the
same as described by Nelson et al. [10] except for the QCL
driver (Q-MACS instead of the original Alpes Lasers Starter
Kit).
For the experiments presented here a single sweep con-
sisted of 230 and 20 laser pulses during the gate on-
and off-period respectively. The employed QCL repetition
frequency of 100 kHz yielded therefore a sweep rate of
0.4 kHz. The QCL emission range was tuned to 1347.75–
306 S. Welzel, J. Röpcke
Fig. 3 Schematic example of two subsequent QCL pulses (i.e. chan-
nels N and N + 1) of length ton during a laser sweep using the inter
pulse mode. Two different time scales, i.e. a time scale tCh for each
channel and an intrinsic time tpulse for the laser pulse, are introduced
for further data analysis
1348.25 cm−1 covering 4 CH4 absorption features which
are labelled as I–IV in what follows (Table 1).
The QCL pulses were detected with a thermoelectri-
cally (TE) cooled detector encompassing a high-bandwidth
preamplifier (neoplas control, VIGO element PDI-2TE-
10.6, 0.25 × 0.25 mm2). In this case the detection band-
width was limited by the preamplifier to about 250 MHz.
It is known that TE cooled detectors may exhibit a non-
linear response function. It has been confirmed in prelim-
inary experiments—though scrutinising such effects was
beyond the scope of this study—that non-linear behaviour
is negligible for the present combination of detector ele-
ment and preamplifier as long as the detector signal is lower
than ∼75% of the maximum detector voltage. Special at-
tention has been paid to fulfill this criterion. For the time-
resolved single-pulse analysis the data acquisition by the
DAC was replaced by a fast digitising oscilloscope (LeCroy
WR104Xi).
The radiation from either the TDLAS or QCLAS arrange-
ment and its corresponding detector could be chosen by
means of retractable mirrors (Fig. 1). The laser beam was di-
rected to a reference cell of 0.15 m length filled with 10 mbar
CH4. This pressure was still sufficiently low to observe rapid
passage structures in the (long-) pulse spectra of the pulsed
QCL.
2.2 Time-resolved detection
In the conventional implementation of the inter pulse
method each QCL pulse represents a spectral data point (or
channel) as detailed in Fig. 2. The DAC thereby samples a
value of the detector output being usually averaged over the
entire pulse duration. For the time-resolved analysis all 230
pulses were sampled with a (high) time-resolution of 0.1 ns
during the gate-on phase.
Fig. 4 Data analysis procedure carried out for the high time-resolution
experiments. Each QCL pulse (channel) is sampled at the same tpulse
(lower panel). The corresponding detector signal represents a spectral
data point as indicated for a few points in the upper panel
The post-measurement analysis of each laser pulse re-
quired a thorough treatment of the different time scales dur-
ing a laser sweep. Each laser pulse (or channel) was there-
fore described by its own time scale tCh starting at zero after
the corresponding trigger event. This is illustrated in Fig. 3
for two subsequent channels N and N + 1. The start and the
end of all individual QCL pulses were determined on this
time scale tCh. A detector signal just above noise level was
chosen as criterion for determining both values. The differ-
ence yielded the effective (optical) pulse width ton (Fig. 3)
which could be compared with the nominal current pulse
width. Finally, another time scale, tpulse, was introduced to
eliminate the delay and jitter between trigger and laser pulse
mainly caused by the electronics and the optical beam path
(Fig. 3). In this way all individual pulses could be compared
and further analysed on the basis of a common time scale
tpulse which was set to zero when the QCL pulse starts. Ta-
ble 2 summarises the established definitions for the different
time scales. It should be mentioned that both tCh and tpulse
serve as time scales whereas ton represents the value of the
experimentally observed pulse width.
The post-measurement analysis is illustrated in Fig. 4 for
the schematic absorption feature shown in the lower panel
of Fig. 2. Each acquired spectral data point (i.e. laser pulse)
was scrutinised (for experimentally observed laser pulses
see Fig. 9). Firstly, the beginning of the QCL pulse and thus
the time scale tpulse was established. Secondly, the detector
signal at tpulse = const. was determined. For this purpose 3
adjacent points were averaged (Fig. 4) resulting in an effec-
tive time-resolution of 0.3 ns. Plotting these detector signals
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Table 2 Time scale definitions
employed for the analysis of
individual QCL pulses
Symbol Definition
tCh Time scale of each pulse
tCh = 0 at the trigger event
tpulse Time scale of each pulse without delays inherent to the system
tpulse = 0 at begin of the laser pulse
ton Experimentally determined optical pulse width
ton = tCh (pulse end) − tCh (pulse begin)
as a function of the channel number yields several absorp-
tion spectra at tpulse = const. (cf. upper panel of Fig. 4 and
Fig. 7).
3 Results and discussion
3.1 Conventional approach
At first, the characteristics of the tuning method in combi-
nation with the standard configuration (i.e. detector signal
measured with DAC and displayed with TDL Wintel) was es-
tablished. In contrast to Nelson and McManus et al. the laser
was operated with a different driver unit (Q-MACS) [9, 12].
The pulsed current through the laser was thereby not directly
accessible. For that purpose complementary measurements
were performed with a commercial miniature wideband cur-
rent probe (IST). The current was monitored as close as
possible to the laser using the internal wiring in the QCL
housing. Similar to earlier measurements, a rise time of 8
ns was confirmed with this approach for an Alpes Lasers
Starter Kit [9]. On the other hand the presently used pulse
unit yielded a faster increase of the current pulse of ∼2 ns.
Nelson’s idea to reduce the laser chirp with shorter pulses
[9] is thus realised.
QCL transmission spectra of the reference cell are shown
in Fig. 5 for different operating voltages up to 0.6 V above
threshold (11.5 V) and a constant pulse width of 20 ns. The
central heat sink temperature was kept constant through-
out all measurements in order to reduce thermally induced
changes of the QCL pulses. On the other hand, the spec-
tral sweep close to the threshold voltage was then limited
and could not cover all CH4 features (I–IV). Instead of the
expected typical oscillatory structure of the rapid passage
effect another distortion of the absorption lines is found in
the spectra. A strong asymmetry at the low-frequency side
of the line, particularly at voltages clearly above threshold,
is observed and hampers a reasonable fit to line profiles for
a quantitative analysis. The absorption lines are broadened
by features similar to a shadow of the original line. This is
clearly visible at 0.4 V above threshold for line III, i.e. at
the end of the current ramp, and at slightly higher operating
voltages for line II. These additional absorption-like features
at higher QCL voltages cannot be explained by molecular
transitions which would also be independent from the QCL
operating conditions. Additionally, the peak absorption de-
Fig. 5 Conventionally acquired inter pulse mode spectra of 10 mbar
CH4 (0.15 m absorption path). The measurements were performed at
constant pulse width (20 ns) of the QCL current, constant heat sink
temperature and variable QCL voltages as indicated. Transmission
spectra are stacked for clarity and the corresponding zero signal level
is indicated (dashed line). Absorption features which are used for fur-
ther analysis are marked with I–IV (Table 1). The inset illustrates the
achievable SNR for weaker lines (e.g., IV)
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Fig. 6 CH4 mixing ratios deduced for the absorption features I (trian-
gles left) and IV (triangles right) for all applied QCL voltages between
threshold and 12.1 V in Fig. 5 (10 mbar CH4, 0.15 m). Results were
obtained from a fit to a Voigt profile (open symbols, left hand scale)
and from the integrated absorption coefficient (full symbols, right hand
scale). The nominal mixing ratio (=1) was confirmed by TDLAS (dot-
ted)
creases as the distortion becomes more pronounced. Only at
operating voltages close to the threshold of the QCL (Fig. 5)
the absorption line appears symmetrically, but at the expense
of a considerably reduced detector signal. This in turn leads
to a poor SNR and the weak features I and IV vanish be-
low their detection threshold. Similar obstacles have already
been reported [9, 12]. Since another QCL driver was used
here it can be assumed that the observed effects are not di-
rectly connected to the current pulses (shape, rise time, etc.).
The acquired spectra were quantitatively analysed by ap-
plying two independent methods. Firstly, TDL Wintel in-
ferred the CH4 mixing ratio from a least-square fit of the ab-
sorption lines to Voigt profiles calculated by using pressure,
temperature, effective laser line width and line strengths as
input parameters. Secondly, the mixing ratios were deter-
mined from the integrated absorption coefficient, i.e. inte-
grating the entire absorption line. In the latter case no line
profile or effective laser line width has to be assumed and the
distorted features are entirely captured. However, it could be
argued that the latter method may not facilitate the calcula-
tion of correct mixing ratios if a spectrally broadened laser
source is used. For this reason, only the integrated absorp-
tion coefficient is used and compared with the results from
TDL Wintel. Both results are displayed for CH4 lines I (if
detectable in the sweep) and IV in Fig. 6. No significant dif-
ference between the relative behaviour of both analysis ap-
proaches is observed. Although the same sample was stud-
ied the CH4 mixing ratio or the integrated absorption coef-
ficient drops as the QCL voltage is increased. The expected
concentration of 100% is only obtained for the weak feature
IV at QCL voltages close to the threshold. If the operating
voltage is increased the deduced mixing ratios decrease to
∼50% for line I and even down to 20% for line IV which
appears later throughout the sweep.
The difference in the relative behaviour between both
analysis approaches may be especially due to an indepen-
dent determination of the baseline, but does not significantly
change the conclusion. A straightforward zero absorbance
measurement to accurately determine the baseline was not
feasible with the sample cell used here, but it has been con-
sidered in the follow-up experiments [31]. Therefore the fit
in TDL Wintel was tuned in such a way that the baseline
slightly overestimates the mixing ratio. Hence, the quantita-
tive results in Fig. 6 should be considered as an upper limit.
At higher QCL voltages the integration method might gen-
erally be better suited to account for the distortion. Note that
the fit results are not considerably improved if the effective
laser line width is adjusted in a range which yields a rea-
sonable fit to the acquired spectra (i.e., 0.012–0.020 cm−1,
FWHM). In all cases a (true) mixing ratio of 1 was con-
firmed by the TDL system.
Considering the strong absorption features II and III a
quantitative analysis is hampered due to their strong absorp-
tion (optically thick lines). However they are perfectly suited
to illustrate qualitatively the effects of (asymmetrical) line
broadening or reduced peak heights. Since QCLs exhibit in-
creased (peak) power values compared to TDLs non-linear
power saturation effects may play a role for strong features.
However, it is clear from this quantitative analysis that even
for weak absorption features, where potential power satu-
ration can be neglected in a first approximation, the (upper
limit) integrated absorption coefficient and hence the con-
centration values are underestimated for relevant QCL oper-
ating conditions and output power values. The picture does
not change if the current pulse width is reduced from 20 ns
down to 12 ns (minimum) while keeping the QCL voltage
near the simultaneously changing threshold. This also sug-
gests that a chirp-limited spectral resolution might be only
a part of the explanation, particularly for the asymmetrical
line broadening. Since the frequency chirp and thus a certain
effective spectral broadening is inherent to pulsed QCLs, the
strong influence of the QCL operating conditions has to be
further scrutinised.
3.2 Spectral deconvolution of individual pulses
All previous experiments and their analysis suggested that a
deeper insight into the intrinsic properties of the laser pulses
is essential to describe the observed effects. For this pur-
pose the detector signals of the individual QCL pulses were
analysed at a constant time tpulse and plotted against their
channel number (Fig. 7). Different tpulse covering the full
laser pulse width were analysed, i.e. Fig. 7 represents only
one laser sweep which was deconvolved into several tpulse.
Additionally, the detector signal was averaged over the en-
tire pulse width (Fig. 7, upper panel). All measurements
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Fig. 7 CH4 absorption spectra (10 mbar, 0.15 m) retrieved from the
individual detector signals of the chirped QCL pulses during a laser
sweep. Spectra are deduced from the same sweep. Upper panel: Av-
eraged signal over the entire pulse. Lower panel: Detector signals are
sampled at different tpulse = const. (right hand scale) and stacked for
clarity. The zero level from the gate-off period is indicated by dotted
lines. The two solid lines represent the shift of spectral features with
increasing tpulse. Individual QCL pulses within the marked box are en-
larged in Fig. 9
were carried out with the same CH4 sample cell and un-
der similar operating conditions as for the conventional ap-
proach in Fig. 5 using a moderate QCL voltage about 0.2 V
above threshold (20 ns QCL current pulses). In this way a
reasonable output power of the laser could be achieved and
first line shape distortions were observed. In what follows
the discussion and conclusions are based on these experi-
mental conditions as an example though they can be gen-
eralised, since a complementary measurement series at the
threshold does not change the picture [32].
The compilation of deconvolved spectra (Fig. 7) reveals
several key features, (i)–(iv), of the obstacles and hence of
the short-pulse tuning method:
(i) The rapid passage effect is also present in low-pressure
spectra.
(ii) The time-averaged signal exhibits the same distorted
line shapes without rapid passage oscillations as ob-
served with the conventional approach (Fig. 5).
(iii) The peak absorption decreases at higher tpulse and in
the averaged signal.
(iv) The position of spectral features (i.e. channel number)
shifts with tpulse.
The typical rapid passage structure at the low-frequency side
of a line, which is expected under low-pressure conditions
with pulsed QCLs, is not seen in the spectra acquired with
the conventional DAC equipment. However it is present in
the deconvolved spectra (i) and the amplitude of the oscil-
lations decreases as tpulse approaches the end of the short
pulse, because the chirp rate typically drops considerably
during the first nanoseconds of a pulse. The variable chirp
rate is accompanied by an increase of the output power of
the QCL at higher tpulse which may cause additional power
saturation, at least for the strong features II and III. Conse-
quently the peak absorption decreases in those spectra re-
trieved from the end of the short-pulse (iii). The shift of
spectral features (iv) is linked with the chirp of the pulse
and the sign of the current ramp slope. After the sign of the
slope was reversed, i.e. decreasing laser frequency and in-
tensity during the sweep, the shadow was observed at higher
channels (see also [9, 11]). A detailed analysis of the shift of
a selected spectral position reveals an uncertainty of at least
8–10 channels. This corresponds to a shift of ∼0.025 cm−1
(750 MHz) for the present experimental conditions and ac-
cords well with the effective line widths found in earlier
studies.
Furthermore, it is obvious from Fig. 7 that contributions
to the spectrum from high tpulse values are overestimated
in the time-averaged detector signal (Fig. 7, upper panel)
due the higher output power at this time. Consequently, the
averaged absorption profile appears asymmetrically broad-
ened with a shadow of the line at lower channels. In an ide-
alised picture a convolution of an absorption feature with
a rapid passage structure—appearing at the right hand side
of a line—could explain a high-frequency tail in the inter
pulse mode. Figure 7 therefore reveals that this straightfor-
ward assumption must fall short of explaining the asymme-
try in recorded spectra. Since the rapid passage oscillations
are always present at the low-frequency side of a line the
sign of the current ramp slope and the laser intensities of the
individual pulses determine the appearance of the shadow.
However, the chirp rate of the QCL can also affect this arte-
fact, which will be discussed below.
It is clear that this artificial asymmetric instrumental
broadening is difficult to describe analytically and reduces
the peak absorption in addition to potential power satura-
tion effects. Thus, concentration values are further underes-
timated and weak absorption features are dropped below the
noise level (e.g. features I and IV in Fig. 7 (upper panel) and
Fig. 5). Averaging also eliminates rapid passage structures
in the spectra (ii) and considerably degrades the quality of
etalon spectra [32].
The analysis of the start and end point of the emitted
pulse (Fig. 8) yielded a considerable scatter in the tCh data of
±2 ns whereas the corresponding difference (optical pulse
width ton) showed only a small uncertainty of ±0.6 ns. This
indicates that mainly jitter between the trigger event and the
laser emission causes the strong fluctuations in tCh (which
motivated the introduction of a second time scale tpulse (Ta-
ble 2)). Figure 8 illustrates that the optical pulses appear
earlier and fade away later throughout the sweep. Conse-
quently the pulse width rises from 4 ns to 10 ns during the
laser sweep and is, hence, clearly smaller than the nominal
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Fig. 8 Start (triangle up) and end (triangle down) point of all QCL
pulses in Fig. 7 based on the time scale tCh (right hand scale, grey)
and the corresponding difference yielding the pulse width ton (circle,
left hand scale, black)
Fig. 9 Time-resolved spectra of single frequency-down chirped pulses
during the inter pulse laser sweep in Fig. 7 (highlighted with a box).
The corresponding channel numbers N for the selected examples
around the CH4 absorption feature II are indicated on the right hand
scale
current pulse width. This behaviour emanates from the tem-
perature tuning via the DC current ramp while the QCL op-
erating voltage, i.e. the pulsed QCL current, is kept constant.
The temperature is reduced during the ramp which gradually
lowers the threshold. If the same pulsed current is fed to the
laser, the QCL starts emitting earlier and longer as the chan-
nel number increases. It is, however, for the present condi-
tions below the threshold during at least half of the nominal
current pulse width.
Taking into account a lower limit of ∼0.002 cm−1/ns
for the chirp rate (e.g., [9]) an intrinsic and non-constant
chirp of the pulses between 0.01 and 0.02 cm−1 is found
which is even for these short pulses bigger than typical
Doppler broadened absorption features. This is confirmed
by Fig. 9 showing several individual QCL pulses during the
laser sweep centred around feature II (i.e., channel 95 to
116): almost the entire CH4 line at 10 mbar is present in
the QCL pulse of channel 101. The example for channel 95
exhibits an amplified signal due to the rapid passage oscil-
lations and channel 116 in Fig. 9 represents a nearly unaf-
fected pulse at the high-frequency side of the sweep. How-
ever, all 20 pulses between channel 95 and 116 in Fig. 9
contain a non-negligible part of the CH4 line, which is of-
ten interpreted as an asymmetrical line broadening or line
shape in the spectra recorded with the DAC. Extrapolating
the trend in Fig. 9 strongly suggests that for QCLs having a
higher chirp rate than the presently used device, absorption
features spread over even more channels. In this case the
asymmetry may be inverted and the shadow of the absorp-
tion line appears as a high-frequency tail if the laser intensity
varies accordingly during the sweep (e.g., [9, 11]).
4 Summary
A conventional short-pulse QCL spectrometer, where the
laser sweep is achieved by an impressed bias current ramp
as introduced in TDLAS, has been extended to perform
a highly time-resolved analysis of individual laser pulses.
While carefully chosen operating parameters for the laser
might give correct results with the inter pulse method at
elevated pressures (>50 mbar), this pictures changes en-
tirely under low-pressure conditions. It transpires that the
short-pulse mode exhibits all characteristics of the long-
pulse mode, particularly the rapid passage effect, but the tun-
ing principle introduces further complications if applied to
QCLs instead of TDLs. The oscillatory structure of the rapid
passage effect is present in the deconvolved spectra, but not
at first glance in conventionally acquired signals, which are
characterised by broadened absorption features of reduced
peak height.
These effects are more pronounced at higher laser inten-
sities, i.e. clearly above the threshold, and for strong absorp-
tion features. Notably, all discussed examples were recorded
not higher than 0.2 V above the threshold where the output
power and hence the detector signal were just sufficient for
achieving a reasonable SNR and thus the described obsta-
cles can hardly be reduced. It is also clear that a generalised
theoretical description is almost impossible to obtain since
many parameters, such as the chirp rate or the temperature
tuning coefficient, are strongly dependent on the single QCL
device. The resulting total chirp in combination with the DC
ramp parameters induce a shift of each spectral component
over several detection channels. The total shift corresponds
with what is normally considered as effective line width of
pulsed QCLs (≤0.05 cm−1 or 1.5 GHz, FWHM). Addition-
ally, the induced change of the QCL temperature by the bias
Non-symmetrical line broadening effects using short-pulse QCL spectrometers as determined 311
current causes an increase of the pulse width and hence of
the spectral chirp. The rapid passage effect is also more pro-
nounced since the chirp rate is typically higher for the ap-
plied short pulses. The sum of all these individual contribu-
tions leads to asymmetrically broadened line shapes or even
false absorption features which may be comparable to spec-
tra obtained with multimode emitting lead salt lasers though
the QCL is a single mode device. This behaviour, caused by
the broad spectral coverage of a single chirped laser pulse,
may therefore be considered as an undesirable and inevitable
extended instrumental broadening.
However, it should be noted that the asymmetry is caused
by a complex combination of (i) the gradient of the current
ramp and intrinsic laser properties, i.e., (ii) the chirp rate
of the QCL, and (iii) the intensity change during the sweep.
This may lead to both low-frequency or high-frequency tails.
The similarity between the conventionally acquired and arti-
ficially averaged spectra indicates that the entire experimen-
tal setup based on DACs which are conventionally used for
TDLAS and LN detectors encompasses an unexpected time-
averaging of the signals or is limited in its bandwidth. This
was also mentioned by Grouiez et al. [24] and will be scru-
tinised in a separate publication [31].
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